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ABSTRACT

The present invention relates to a device for radiating or
receiving an electromagnetic wave. The device includes a
substrate including a recess coated by a material that reflects
the electromagnetic wave, a metal portion that radiates or
receives the electromagnetic wave, and an electronic element
connected to the metal portion on the substrate. The metal
portion includes a portion provided above an opening of the
recess and a portion which is located on the substrate and
connected to the electronic element.
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DEVICE FOR RADIATING OR RECEIVING
ELECTROMAGNETIC WAVES

TECHNICAL FIELD

[0001] The present invention relates to a device for radiat-
ing or receiving an electromagnetic wave, in particular to a
device for radiating or receiving an electromagnetic wave
whose frequency is in the terahertz range (that is, a range from
30 GHz to 30 THgz, hereinafter referred to as “THz range”).

BACKGROUND ART

[0002] Usually, a device for radiating or receiving an elec-
tromagnetic wave includes a radiating element formed by a
metallic structure and an electronic circuit for signal process-
ing. The size of the radiating element is usually the same as
the wavelength of the electromagnetic wave to be received or
to be radiated. When the frequency of the electromagnetic
wave reaches the THz range, the size of the radiating element
is in the submillimeter range, so that the radiating element can
be directly integrated on a substrate on which the electronic
circuit has already been integrated. VLSI fabrication tech-
niques can be used for manufacturing both the radiating ele-
ment and the electronic circuit.

[0003] The electrical resistance of the radiating element of
the device for receiving an electromagnetic wave needs to
match that of the signal processing circuit in order to obtain a
high sensitivity. Here, fine patterning is required for the signal
processing circuit as the effective frequency capability
increases, resulting in an increase in the resistance of the
signal processing circuit. As a result, the resistance of the
radiating element needs to be high in order for the device to
receive a high frequency electromagnetic wave with high
sensitivity.

[0004] Here, the signal processing circuit is usually manu-
factured using VLSI techniques, so that the signal processing
circuit is integrated on a semiconductor substrate. In this case,
a simple method for manufacturing the radiating element of
the antenna is to manufacture a metal pattern (metal portion)
on the semiconductor substrate by using the same VLSI tech-
niques. However, the relative permittivity of semiconductors
is usually large. For example, the relative permittivity of
silicon is 12.1. A high relative permittivity means that an
electric field is more easily generated in this medium than in
a material having a lower relative permittivity. As a result, the
radiation resistance of an antenna which radiating element is
placed on a semiconductor with a high relative permittivity is
lower that than of the same element placed in or on a medium
with a lower relative permittivity. Therefore, some inventions
have been reported to increase the radiation efficiency of
integrated antennas.

[0005] Rebiez, et al., U.S. Pat. No. 4,888,597 (PTL 1)
reports an integrated antenna for transmitting or receiving a
millimeter or submillimeter electromagnetic wave. The inte-
grated antenna is manufactured by combining two substrates
(35 and 40) to form an array with a horn structure having a
pyramidal shape as shown in FIG. 12. A membrane 45
spreads as a connection portion between the two substrates
inside each horn. The membrane is electrically transparent.
There is a metal pattern that functions as an antenna (radiating
element) 54 on the membrane. A processing circuit is
mounted between the substrates. The purpose of this device is
to strengthen the electromagnetic pattern generated by the
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antenna by concentrating the electromagnetic energy thanks
to the pyramidal shape of the horn.

[0006] A second purpose of the integrated antenna is to
reduce the electromagnetic coupling between the antennas.
However, although this invention improves the electromag-
netic pattern of the antenna and reduces the electromagnetic
coupling, this invention does not particularly improve the
radiation impedance of the antenna. For example, PTL 1 does
not discuss the electrical connection between the antenna
(radiating element) and the processing circuit. According to
PTL 1, the antenna is placed at the center of the membrane
and the processing circuit is placed between the two sub-
strates. As a result, the antenna and the processing circuit are
far away from each other. There is a connection portion
between the processing circuit placed between the substrates
and the radiating element. This connection portion radiates an
electromagnetic wave, especially inside the substrate, so that
the radiation impedance of the radiating element varies from
its ideal value.

[0007] The manufacturing process of this invention is com-
plex. The integrated antenna uses two substrates that must be
assembled. This may require a complex technique such as
wafer bonding and wafer alignment. Furthermore, it is diffi-
cult for current micro-manufacturing techniques to accu-
rately perform etching for the large depth required to manu-
facture the horn. Finally, the shape of the final integrated
antennas is uneven (not flat). Therefore, it is difficult to inte-
grate other elements such as an array of microlenses.

[0008] U.S. Pat. No. 6,061,026 (PTL 2) reports a mono-
lithic microwave/millimeter-wave antenna device. The
device includes a substrate, an electronic circuit provided
along with the substrate, an opening in the substrate, a strip-
line antenna located above the opening, a horn which is pro-
vided along with the substrate and aligned with the opening,
and a cover above the stripline antenna. In the device, some
freedom is given to the shape that can be achieved for the horn
and the materials that can be selected for the cover, the horn,
and the material for finally filling the horn. However, if the
size of the device is reduced to a size required for the THz
range, it is expected that the manufacturing of the device will
be difficult. For example, the depth of the opening in the
substrate is greater than the considered wavelength. In prac-
tice, the wavelength at 1 THz is 300 pm, but a standard
thickness for a 4-inch wafer is 525 um, and thinner thick-
nesses are difficult to handle during the manufacturing pro-
cess. Furthermore, the size of the stripline antenna in the THz
range is smaller than that for microwaves, so that it is
expected that the alignment between the stripline antenna and
the opening will be difficult. It is possible that the opening
needs to be etched after depositing the stripline antenna and
that this etching must be performed from the backside. In this
case, it is extremely difficult to appropriately align the strip-
line with the outer shape of the opening appearing on the
surface.

[0009] Japanese Patent Laid-Open No. 2006-064679 (PTL
3) discloses a device for receiving or generating an electro-
magnetic wave. One purpose of this device is to enhance the
antenna characteristics by placing the antenna on a support-
ing portion away from the substrate.

CITATION LIST
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[0012] PTL 3 Japanese Patent Laid-Open No. 2006-
064679
SUMMARY OF INVENTION
Technical Problem
[0013] PTL 1 has the capability to provide a radiating ele-

ment having a high radiation resistance. However, in the
manufacturing process of the radiating element, several
wafers are included and the alignment of the radiating ele-
ment and the opening is not good when the radiating element
is suitable for the THz range. Furthermore, the surface of the
substrate is not flat, so that the manufacturing process
becomes complex. As a result, it is difficult to obtain the
desired radiation resistance for the radiating element and
therefore it is difficult to achieve a good impedance matching
between the radiating element and the signal processing cir-
cuit in addition to the problem of the electrical connection
described in the Background Art.

Solution to Problem

[0014] The present invention provides a device for radiat-
ing or receiving an electromagnetic wave, in which the radia-
tion resistance of the radiating element is sufficiently high to
match the high resistance of the signal processing circuit and
with the possibility of having a flat surface for the substrate.
Also, the present invention provides a manufacturing method
of the device for radiating or receiving an electromagnetic
wave.

[0015] Therefore, as an aspect of the present invention, a
device for radiating or receiving an electromagnetic wave
includes a substrate including a recess coated by a material
that reflects electromagnetic waves, a metal portion that radi-
ates or receives the electromagnetic wave, and an electronic
element connected to the metal portion on the substrate. The
metal portion includes a portion provided above the recess
and a portion which is located on the substrate and connected
to the electronic element.

[0016] Also, as an aspect of the present invention, a manu-
facturing method of a device for radiating or receiving an
electromagnetic wave includes a step of forming a metal
portion that radiates or receives the electromagnetic wave,
and a step of forming a recess coated by a material that reflects
the electromagnetic wave in the substrate so that the metal
portion includes a portion provided above the recess and a
portion which is located on the substrate and connected to an
electronic element.

[0017] Asthe metal portion is partially surrounded by air or
partially resting on a material with a low relative permittivity
compared to that of the semiconductor substrate, it is more
difficult to emit electromagnetic radiations as compared to the
case when it is resting solely on the semiconductor substrate.
As a result, the radiation resistance of the metal portion is
high, so that the impedance of the metal portion better
matches the high impedance of the signal processing circuit.
Therefore, if the metal portion is used as a sensor, the metal
portion provides high sensitivity, and if the metal portion is
used as a radiating element, the metal portion provides a high
radiation rate.

[0018] Also, the manufacturing method of a device for
radiating or receiving an electromagnetic wave as another
aspect of the present invention requires only one substrate, so
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that the manufacturing method has an advantage that the
device can be easily manufactured.

[0019] Further features of the present invention will
become apparent from the following description of exem-
plary embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0020] FIG.11is aperspective view showing a device of the
first embodiment of the present invention.

[0021] FIG. 2 is a cross-sectional view of a device accord-
ing to the first embodiment having a recess in which the side
surfaces and the bottom surface are perpendicular to each
other.

[0022] FIG. 3 is a cross-sectional view of a device accord-
ing to the first embodiment having a recess in which the
connection portion between the side surface and the bottom
surface is curved.

[0023] FIG. 4 is a cross-sectional view of a device accord-
ing to the second embodiment in which the recess is coated
with a material different from that of the substrate.

[0024] FIG. 5is a perspective view showing a device of the
third embodiment of the present invention.

[0025] FIG. 6 is a diagram showing the radiation imped-
ance according to the device of the third embodiment simu-
lated by HFSS.

[0026] FIG. 7 is a perspective view of a nine-sensor array
according to a device of the fourth embodiment of the present
invention.

[0027] FIG. 8 is a diagram showing the S parameters of the
nine-sensor array according to the device of the fourth
embodiment simulated by the HFSS.

[0028] FIG. 9 is a diagram showing the radiation imped-
ance and the recess depth dependence of the S parameter for
a two-sensor array according to the device of the fourth
embodiment simulated by the HFSS.

[0029] FIG. 10 is a diagram showing the radiation imped-
ance and the recess width dependence of the S parameter of a
two-sensor array according to the device of the fourth
embodiment simulated by the HFSS.

[0030] FIG. 11 is a perspective view showing a device
having a doughnut-shaped recess according to the fourth
embodiment of the present invention.

[0031] FIG. 12 is a diagram showing a device according to
the background art.

[0032] FIGS. 13A and 13B are diagrams for explaining a
configuration of a device described in a fifth embodiment.
[0033] FIGS. 14A and 14B are diagrams for explaining a
device configuration used for an analysis in the fifth embodi-
ment.

[0034] FIGS. 15A, 15B, and 15C are an analysis result
related to directivity of the device of the fifth embodiment.
[0035] FIG. 16 is an analysis result related to radiation
impedance of the device of the fifth embodiment.

[0036] FIGS. 17A and 17B are diagrams for explaining a
configuration of a device of the sixth embodiment.

[0037] FIGS. 18A and 18B are diagrams for explaining a
configuration of a device of the seventh embodiment.

DESCRIPTION OF EMBODIMENTS

First Embodiment

[0038] FIG. 1 shows a perspective view of the device. The
device is configured based on a substrate 100 including an
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electronic element 101 which is a signal processing circuit.
For example, the substrate is formed from a semiconductor
wafer. The wafer can be manufactured from silicon, GaAs,
InP, or another semiconductor material. The electronic ele-
ment 101 can be manufactured by integrating the electronic
element 101 on a semiconductor substrate by using VLSI
technique.

[0039] The electronic element 101 is disposed not on the
recess 102 but on the substrate. However, it is desired that the
electronic element 101 is disposed at a location near the
recess considering a positional relationship with the metal
portion 103 used as the radiating element. Therefore, it is
desired to form a convex portion of the substrate inside the
recess and form the electronic element 101 on the convex
portion of the substrate.

[0040] The recess 102 coated by a material that reflects
electromagnetic waves is provided in the substrate. For
example, when the substrate is manufactured from silicon, the
recess 102 can be manufactured by dry etching using plasma
from SF6 gas, wet etching using KOH or TMAH, or chemical
etching using XeF2. Also, the recess 102 can be manufactured
by using sand blasting or laser ablation. Some of the above
techniques can be also used to etch a substrate formed from
other materials. As a result, the recess coated by a material
that reflects electromagnetic waves can be manufactured
from various materials in various shapes. At this time, the
recess 102 has a wall in the substrate as shown in FIG. 1 and
a discontinuous surface of permittivity is formed, so that the
recess 102 has a surface that reflects electromagnetic waves to
be radiated or to be received. There may be only the substrate
surface, or as described later, the reflectivity may be improved
by covering the substrate surface by a metal film. As shown in
FIG. 1, the entire wall for reflecting the electromagnetic
waves is typically covered. However, in principle, the surface
only has to reflect electromagnetic waves to be activated, and
even when there is a gap, a protrusion, a hole, a mesh, a wire
structure, or the like of a size smaller than or equal to 1/20 (in
the THz range, tens of micron meters) of the wavelength of
the electromagnetic waves, the surface can be defined as a
reflecting surface in the present invention. In the electromag-
netic field theory, generally, a structure with a size of A/20 or
less has an extremely small effect on reflection, refraction,
and scattering, and the effect is indexed as a mesh size in a
computer simulation such as the finite element method. The
above is well known by those skilled in the art. In other words,
there is no hole or the like, which does not reflect electromag-
netic waves and through which electromagnetic waves pass,
in the wall that covers the recess.

[0041] The metal portion 103 is physically and electrically
connected to the electronic element 101. The metal portion
functions as a radiating element or a receiving element. The
metal portion receives or radiates an electromagnetic wave
propagating in air and transmits the energy and the signal of
the electromagnetic wave to the electronic element. The metal
portion can be manufactured by using thin film technique. For
example, a recess is formed in the substrate, and then the
recess is temporarily refilled with a material. Thereafter, a
metal layer is deposited on the substrate and the metal layer is
patterned by photolithography and metal etching, so that the
metal portion is formed. After the metal portion is formed, the
material with which the recess was filled is removed by
fusion, etching, or underetching. The metal portion can also
be manufactured by using structure movement from a carrier
substrate or self-assembly such as fluidic self-assembly. The
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metal portion includes two portions. One portion 104 is
located on the substrate and connects to the electronic ele-
ment 101. The other portion 105 is located above the opening
of the recess 102. At this time, if the electronic element has
two electrodes (not shown in the drawings), the metal portion
that forms the radiating element 103 can have a configuration
including a small gap 110 at a position at which the electronic
element 101 is located. Although the portion 104 of the metal
portion located on the substrate is necessary to connect to the
electronic element 101, it is desired that the amount of the
portion 104 is as small as possible concerning the character-
istics of the radiating element 103 because the smaller the
amount of the portion 104, the smaller the eftect of disconti-
nuity of the radiating element. The length of the portion 104
of the metal pattern on the substrate is typically 5 um to 10
um, and preferably 2 pum, though the length depends on the
lithography process to form the metal pattern. It is assumed
that the device is used as an emitter. The metal portion 103,
which is the radiating element, partially radiates into the
substrate 100 and partially radiates into the air with which the
recess 102 is filled. If the metal portion radiates only into the
substrate, the radiation resistance of the metal portion is
assumed to be small because the relative permittivity of the
substrate is large. The metal portion partially radiates into the
air provided by the recess, so that the metal portion has a
larger radiation resistance because the relative permittivity of
the air is small. Thereby, the radiation resistance of the metal
portion can match that of the electronic element.

[0042] Some modified examples of the first embodiment
will be described.

[0043] To facilitate the manufacturing process, and further,
to reinforce the portion of the radiating element located above
the opening of the recess, it is desired that the recess is filled
with a solid material. For example, the recess can be filled
with BCB (benzocyclobutene). BCB is generally used in
MEMS and is a dielectric material having a low relative
permittivity of about 2.4 in the THz range. The recess can be
filled with an appropriate material by using spin coating,
spray coating, or micro-dispensing. If necessary, the upper
surface of the material with which the recess is filled can be
flattened by using a chemical or mechanical flattening tech-
nique. In this case, the level of the upper surface of the
material with which the recess is filled is basically the same as
that of the upper surface of the substrate. Therefore, the metal
portion which forms the radiating element can be manufac-
tured by using metal deposition and VLSI techniques such as
photolithography and patterning by metal etching. Since the
surface on which the metal portion is formed is flat, spin
coating and a conventional mask aligner can be used for the
photolithography. The surface of the device obtained as a
result of the above process is essentially flat, so that, for
example, microlenses can be further integrated by using VL.SI
techniques.

[0044] In another modified example of the first embodi-
ment, the wall of the recess is curved. FIG. 2 shows a cross-
sectional view of a device which is an example of the first
embodiment of the present invention in which the portions
that connect the side surfaces and the bottom surface of the
recess are perpendicular to each other. As another example,
FIG. 3 shows a cross-sectional view of a device which is an
example of the first embodiment of the present invention in
which the walls of the recess are curved. Curving the walls of
the recess has two advantages. First, it can facilitate the manu-
facturing process. For example, when the recess is filled with
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a material, if there is no sharp corner at the bottom surface of
the recess, it is easier to fill the recess with a material whose
permittivity is lower than that of the substrate. Second, when
the wall of the recess is curved, it is possible to prevent a
standing wave from being present in the recess, so that the
radiating element can easily radiate upward. Ifthe substrate is
formed of silicon, it is possible to easily manufacture the
curved wall of the recess in the substrate by using isotropic
etching such as SF6-based plasma etching or XeF2 etching. If
the substrate is formed of another material, it is possible to
easily manufacture the curved wall of the recess by using
laser ablation.

[0045] In another modified example of the first embodi-
ment, the entire shape of the recess is demarcated. Although
various shapes of radiating elements have been reported, it is
desirable to select a radiating element including one or sev-
eral filamentous metal shapes for the purpose of design. More
specifically, the radiation pattern is a dipole or a coil. In this
case, it is known that the magnetic field generated by the
radiating element rotates around the element by Ampere’s
rule. As a result, it is possible to more effectively radiate an
electromagnetic wave if the recess has a shape which is simi-
lar to the shape of the radiating element and which has a size
larger than that of the radiating element so as to surround the
radiating element. In this case, a portion of the substrate
which protrudes into the recess to hold the electronic element
is provided, and the electronic element and part of the radi-
ating element are placed on the protruding portion of the
substrate. It is necessary for the part of the radiating element
on the substrate and a part of the radiating element located
above the opening of the recess to be close to each other.

[0046] Although various electronic elements can be con-
sidered to process a signal generated by the radiating element,
rectifying elements can be used because they can be easily
manufactured and can operate at frequencies higher than 1
THz. Among the rectifying elements, the Schottky barrier
diode has been studied for tens of years in the THz range, so
that it is desired that the structure of the present invention is
used to cause the Schottky barrier diode to operate as areceiv-
ing device to improve its characteristics. The THz range is a
range from 30 GHz to 30 THz. In particular, a frequency
range from 0.1 THz to 10 THz is effective. Here, as shown in
the present embodiment and FIGS. 1 to 3, it is not intended
that the recess penetrates the substrate. Typically, the radiat-
ing element is surrounded by a recess which size is smaller
than the operating wavelength. The specific sizes of the recess
will be clarified in the embodiments described below.

Second Embodiment

[0047] Attheinterface between the air and the recess, there
is a discontinuity of permittivity and magnetic permeability.
As a result of this discontinuity, the electromagnetic wave
radiated from the radiating element is partially reflected and
partially transmitted into the substrate. The electromagnetic
wave transmitted into the substrate may disturb other com-
ponents integrated on the substrate, depending on the usage.
For example, when several devices are formed on the same
substrate, as an array in order to sense an image, one device
receives an electromagnetic wave, and during the reception,
an electromagnetic wave re-radiated by the device is trans-
mitted into the substrate. The re-radiated electromagnetic
wave is received by another device, and a false image may be
generated.
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[0048] The second embodiment solves this problem of the
present invention. FIG. 4 shows a cross-sectional view of the
device according to the second embodiment. A metal layer
400 is provided on the wall of the recess 102. Since there is the
metal layer 400, the radiation radiated from the portion 105 of
the radiating element 103 located above the recess is reflected
by the metal layer, so that the radiation does not enter the
substrate. On the other hand, there is no metal layer between
the substrate and the portion 104 of the radiating element 103
located on the substrate, so that a part of the electromagnetic
wave is transmitted into the substrate. Therefore, it is impor-
tant to reduce as much as possible the portion 104 of the
radiating element located on the substrate with respect to the
entire radiating element so as to reduce the noise component.
Although depending on the manufacturing method, it is pos-
sible to further reduce the propagation of the electromagnetic
wave in the substrate by providing a structure of a metal layer
and an insulating layer between the substrate and the portion
104 of the radiating element. In this case, the insulating layer
is inserted so that the portion 104 of the radiating element
located on the substrate is not in contact with the metal layer.
[0049] If the wall of the recess 102 is completely covered
by the metal layer 400, the metal layer is in contact with the
radiating element 103 at the boundary between the portion
104 and the portion 105 of the radiating element. If the metal
layer is in contact with the radiating element 103, there is a
risk that the radiation characteristics of the radiating element
103 are changed. Therefore, it is desired to provide a portion
401 that is not covered by the metal layer 400 (or a portion
where the substrate surface forms a side wall in the recess
structure) on the wall of the recess 102 near the boundary
between the portion 104 and the portion 105 of the radiating
element. In other words, it is desired to form a portion that is
not covered by the metal layer at a portion where the edge of
the wall of the recess in the substrate and the metal layer are
in contact with each other.

[0050] The metal layer 400 can be manufactured by using a
usual metal deposition technique and patterning by photoli-
thography and metal etching. If the recess is too deep to use
spin coating for the photolithography, spray coating can be
used. The portion 401 that is not covered by the metal layer
can be demarcated by normal photolithography, 3D photoli-
thography if necessary, or laser ablation. In this embodiment,
ametal layer has been described. However, it is not necessary
to use a metal layer if the recess is formed in a conductive
material, into which electromagnetic waves never propagate.
This is the case, for example, when the substrate is made of a
highly doped semiconductor.

Third Embodiment

[0051] It is well known that a coil antenna can be operated
so that it has a large radiation resistance. Therefore, an
embodiment will be described in which the radiating element,
designed to have a radiation resistance matching the high
resistance of an electronic processing circuit in the THz
range, has a coil shape. This is a purpose of a third embodi-
ment.

[0052] FIG. 5 shows a perspective view of a device accord-
ing to the third embodiment of the present invention. In the
same manner as in the first embodiment, a substrate 500
includes an electronic element 501. In particular, the elec-
tronic element 501 is integrated on the substrate. For
example, the substrate 500 is a silicon substrate in which a
Schottky barrier diode is used as the electronic element 501.
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The Schottky barrier diode is integrated on the substrate and
manufactured by using VLSI techniques. In the same manner
as in the first embodiment, a metal pattern 503 is provide and
used as the radiating element. The metal pattern has a coil
shape that generates a radiation resistance higher than that of
antennas having other shapes. For example, Ti, Au, or the like
is used as a metal material. However, it is not limited to those.
A recess 502 is also provided in the substrate 500. In the same
manner as in the first embodiment, when the substrate 500 is
formed of silicon, the recess 502 can be manufactured by
various techniques such as silicon etching, sand blasting, or
laser ablation. One portion 505 of the metal portion 503 is
located at above the opening of the recess 502 provided in the
substrate 500 in order to further increase the radiation resis-
tance of the metal portion 503. In the same manner as in the
first embodiment, the recess 502 can be filled with a material
having a relative permittivity lower than that of a material of
the substrate 500. For example, the recess 502 can be filled
with BCB (benzocyclobutene). This material can provide a
mechanical support to the portion 505 of the metal portion
503 as well as facilitate the manufacturing process. The metal
portion 503 also includes another portion 504 which is
located on the substrate and mechanically (physically) and
electrically connects to the electronic element 501.

[0053] FIG. 6 shows the calculation result of an example of
the third embodiment of the present invention performed by
the commercially available simulator HFSS. FIG. 6 shows the
radiation impedance (real part and imaginary part) as a func-
tion of frequency around 1 THz. In this example, the radius of
the coil is 50 um and the width of the wire of the coil is 4 um.
The depth of the recess is 15 um. The recess is coated by a thin
metal layer as described in the second embodiment except for
a portion near the coil in order to avoid an electrical contact
between the metal coating and the coil. The simulation is
performed in a state in which the entire recess 502 is filled
with BCB and the coil is located above the recess 502. The
distance between the coil and the outer edge of the recess is
about 45 um. The substrate is formed of silicon and the
electronic element that functions as an emitter in the simula-
tion is integrated on the substrate. The simulation indicates
that a radiation resistance greater than 1000Q2 can be achieved
near 0.9 THz. In the present embodiment, an example has
been described in which the radiating element is mainly oper-
ated near 0.9 THz. The wavelength of the radiation is about
333 um (free space) and the size of the recess (depth, radius of
outer circumference, and the like) is smaller than the wave-
length, so that the effect intended by the present invention is
achieved. When the radiating element is operated at a fre-
quency other than the frequency exemplified in the present
embodiment, the recess may be designed by using HFSS or
the like in the same manner as in the present embodiment and
the size of the recess may be changed according to the wave-
length of the electromagnetic wave to be radiated or received.

[0054] The structure of the device is relatively simple and
formed from only one substrate. Furthermore, the radiating
element, the electronic circuit, and the recess can be manu-
factured on the same surface of the substrate, so that an
accurate alignment can be achieved. Finally, the final surface
of the substrate is flat, so that, for example, a manufacturing
process to integrate microlenses can be realized.

[0055] Here, an example of a basic manufacturing process
will be described. As described above, an electronic element
(here, a Schottky barrier diode) is formed on the Si substrate
by using VLSI techniques or the like. As shown in FIG. 5,
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except for a portion where the electronic element is disposed,
a circular recess structure with a radius of 95 pm is etched to
a depth of 15 pum by photolithography and the methods
described above. At this time, the electronic element is dis-
posed at a position where it can be connected without chang-
ing the shape of the circular (coil) metal portion described
later. Next, a metal film such as Ti or Au is deposited on the
wall of the recess formed in the Si substrate. In this case, the
metal film is deposited on the entire surface, and then photo-
lithography is performed for forming a resist pattern only on
the recess, and finally the metal film on the flat portion is
removed by etching. BCB is deposited on the entire surface of
the substrate by spin coating or the like and an etch back is
performed so that the flat portion of the substrate is exposed.
When the entire surface is flattened, a circular metal portion
with a radius of 50 pm and a width of 4 pm is formed over the
BCB and the substrate including the electronic element so
that the center of the circle of the circular metal portion
corresponds to the center of a circle formed by the outer edge
of the recess. At this time, the metal portion is formed to be
connected to the electrodes of the electronic element. Of
course, the metal portion, which is formed not to make a short
circuit between the electrodes of the electronic element,
includes a gap (gap 110 in FIG. 2). Here, the radius of the
circular metal portion is 50 um, so that the length of the
circular metal portion is about 314 um. The length of the
circular metal portion located on the substrate is about 2 to 10
um from the requirements of manufacturing described in the
first embodiment, so that the length of the circular metal
portion located on the substrate in the present embodiment
which has two electrodes is 4 to 20 pm. In other words, it can
be said that the ratio of the metal portion on the substrate is
about 10% or less, preferably about 1%.

[0056] Although a structure in which the recess has only
outer edges has been described, a doughnut-shaped recess
including an inner edge may be used as a structure in which
the metal portion is separated from both sides of the recess by
a desired distance. This will be described in a fourth embodi-
ment.

Fourth Embodiment

[0057] It is well known that an array of electromagnetic
sensors can be used as a part of an image sensor. In particular,
the image sensor can integrate an imaging optical system, a
shutter, a signal processing device, and so on. Normally, the
array of electromagnetic sensors is placed on the image plane
of the imaging optical system and known as a focal plane
array. Each element of the array forms a pixel of the image
sensor.

[0058] The fourth embodiment relates to a device in which
a plurality of pixels, each of which includes a metal portion
and an electronic element on arecess, are provided in the form
of an array. In particular, the fourth embodiment can be used
as a focal plane array used in an image sensor operating in the
THz range. A THz image sensor is expected to be applied to
manufacturing, medical image diagnosis, and security.
[0059] FIG. 7 shows a case in which a single substrate 700
includes a plurality of electronic elements 701a and 7015, a
plurality of recesses 702a and 7024, and a plurality of metal
portions 703a and 7035. FIG. 7 shows a 3x3 array of 9 pixels.
The array is combined with CMOS switches or the like, an
imaging optical system, a shutter, and other elements, and is
provided as an image sensor. To provide an accurate image by
the image sensor, it is necessary for each pixel to receive only
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information directed to the pixel and not to receive informa-
tion of an electromagnetic wave which is directed to another
pixel but arrives at the pixel because the electromagnetic
wave propagates into the substrate. The phenomenon in
which information is transmitted not to a pixel which should
receive the information but to another pixel is known as
crosstalk. In the present embodiment, the recess includes a
wall covered by a metal layer, so that even if the pixels are
provided as an array, it is possible to provide an array where
the crosstalk is significantly reduced.

[0060] FIG. 8 shows the S parameter (scattering parameter)
of each pixel with respect to the central pixel as a function of
frequency around 1 THz when the central pixel is used as an
emitter. The S parameter is calculated by using the commer-
cially available simulator HFSS.

[0061] InFIG. 7, the pixels are given numbers 1 to 9 from
left to right and top to bottom. For example, S(5, 1) corre-
sponds to the pixel number 1 and indicates the pixel including
the electronic element 7015, the recess 7025, and the metal
portion 7036 in FIG. 7. S(5, 3) corresponds to the pixel
number 3 and indicates the pixel including the electronic
element 7014, the recess 7024, and the metal portion 7034 in
FIG. 7. Except for S(5, 5), the S parameters characterize the
crosstalk between two pixels.

[0062] The S parameter (5, 5) evaluates the impedance
matching between the antenna and the electronic element. In
this simulation, the resistance of the electronic element is set
to 1000Q. Although the size and the composition of the
radiating element and the recess of each pixel are substan-
tially the same as those in the third embodiment, each pixel
has a doughnut-shaped recess 1102. In this case, the inner
edge ofthe recess is located away from the metal portion 1103
by 45 um. The radius of the inner part of the doughnut is set
to 5 um. The width W of the doughnut, is set to 90 um. The
substrate is formed of silicon and the distance between two
neighboring pixels is 300 pm. This simulation indicates that
the crosstalk is lower than -30 dB at about 1 THz whatever the
relative position of the receiving pixel compared to that of the
emitting pixel.

[0063] Further, the S parameter (5, 5) indicates a good
impedance matching between the radiating element and the
electronic element at about 1 THz despite the high impedance
of the electronic element. As a result, the present invention
can give an important effect to the THz image sensor. The size
of the recess affects the radiation impedance and the
crosstalk. FIGS. 9 and 10 show the dependence of the radia-
tion impedance and S(1, 2) with respect to the depth and the
width of the recess, respectively, calculated by the commer-
cially available simulator HFSS when two elements are inte-
grated on one substrate. As described above, the width here is
defined as the magnitude of W when the shape of a single
element is that of a doughnut (the electrode is located at the
center of W) as shown in FIG. 11. The greater the depth of the
recess is, the lower the radiation impedance is, due to inter-
ference between the radiated electromagnetic wave and the
electromagnetic wave reflected by the bottom of the recess. It
is considered that the crosstalk represented by S(1, 2)
increases because the deeper the recess, the smaller the den-
sity of the radiated electromagnetic wave with respect to the
recess. On the other hand, when the depth of the recess
decreases, the high radiation impedance is maintained. When
the depth of the recess decreases, the electromagnetic wave
concentrates on the substrate surface, so that the crosstalk is
reduced. However, if the recess is too shallow, a large part of
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the energy of the electromagnetic wave is radiated into the
substrate, so that the sensitivity degrades. When the width of
the recess is reduced, the crosstalk is reduced, but the radia-
tion impedance decreases. When the width of the recess is
increased, the size of the device increases. Therefore, there is
a limit to the width so that the device does not become too
large. The simulation provides a specific example showing
that the size of the recess affects operation, that is, the size of
the recess according to the frequency (wavelength) of the
radiated or received electromagnetic wave, is important to
high radiation impedance and low crosstalk which are desir-
able characteristics.

[0064] The present embodiment further presents a desir-
able position of the wall of the recess described in the third
embodiment. Specifically, from FIG. 10, it is known that the
width of the recess is desired to be smaller than or equal to 100
um, that is, the distance between the metal portion and the
recess is desired to be 50 pm or less. In the present embodi-
ment, it is designed so that high efficiency is obtained at 0.9
THz. The wavelength corresponding to the frequency is about
333 um (free space), and when the recess is filled with BCB,
which permittivity is about 2.5, the effective wavelength
(wavelength/refractive index of BCB) is about 333/2.5~210
um. Therefore, it can be said that a desirable distance from the
metal portion to the reflective wall of the recess is about 1/4 of
the effective wavelength.

Fifth Embodiment

[0065] Another embodiment of the present invention will
be described. In the present embodiment, a form related to a
connection between the device described above and an exter-
nal circuit will be described. The description of the compo-
nents which have been described above will be omitted.
[0066] FIGS.13A and 13B are diagrams for explaining the
configuration of the device in the present embodiment. In
FIG. 13A, a substrate 1300, an electronic element 1301, a
recess 1302, and a metal portion 1303 are the same as those
described above. In the substrate 1300, a portion that supports
the above-described portion 104 which is located on the sub-
strate and connects to the electronic element is called a first
support portion 1306 in the present embodiment. A difference
from the embodiments described above is that the device of
the present embodiment is connected to an external circuit
1308 through a connection portion 1307 connected to the
metal portion 1303. For example, the external circuit 1308 is
acircuit which applies a signal to drive the electronic element
1301 or adjusts or processes a signal from the electronic
circuit 1301. The connection portion 1307 is a metal line
formed in the same process as the metal portion 1303.
[0067] As described above, when the metal portion 1303
functions as an antenna, the recess 1302 has a function to
adjust the impedance matching between the electronic ele-
ment 1301 and the metal portion 1303. When connecting the
external circuit to the device, it is desired that the impedance
matching of the device is maintained in order to maintain the
characteristics of the device. Therefore, the connection por-
tion 1307 of the present embodiment is connected to a node
1319 of the electromagnetic field distributed in the metal
portion 1303. Moreover, the metal portion 1303 and the exter-
nal circuit 1308 are connected to each other through the
connection portion 1307.

[0068] Here, the node 1319 ofthe electromagnetic fieldis a
position at which the impedance of the electromagnetic field
distributed in the metal portion 1303 can be assumed to be
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zero with respect to an operating wavelength A. In FIG. 13A,
when a coil antenna of 1.5A is selected as the metal portion
1303, the nodes 1319 of the electromagnetic field are located
at the positions 1/4A, 3/4}, and 5/4h from the electronic
device 1301 which is taken as the starting point. The shape of
the antenna used as the metal portion 1303 is not limited to
this. The connection portion 1307 connected to thenode 1319
of the electromagnetic field and the external circuit 1308 are
assumed to be a circuit connected in parallel to a circuit whose
impedance is zero. Therefore, the external circuit 1308 can be
connected in a state in which the impedance matching
between the electronic element 1 and the metal portion 1303
is maintained. As a result, the external circuit 1308 can be
easily connected.

[0069] FIG. 13A shows an example in which the external
circuit 1308 has two terminals. Here, the metal portion 1303
includes a slit 1310 to prevent the terminals of the external
circuit 1308 from being short-circuited. Many circuits have
two or more terminals such as a reference electrode and a
signal line. Therefore, it is desired that the metal portion 1303
has two or more nodes 1319 of the electromagnetic field.
[0070] FIG. 13B shows an example in which the connec-
tion portion 1307 has a distributed constant filter. Here, a stub
1309 is used as the distributed constant filter. The stub 1309 is
a metal line formed in the same process as the metal portion
1303 and the connection portion 1307. It is possible to pro-
vide a distributed constant filter to the connection portion
1307 by adjusting the shape of the stub 1309 and the position
at which the stub 1309 is connected. For example, with
respect to the operating wavelength A, the stub 1309 having a
length of 1/4. is provided at a position of 1/4A from the node
1319 of the electromagnetic field, so that a notch filter of the
wavelength A can be formed. Although FIG. 13B shows an
example of a rectangular stub 1309, stubs of various shapes
such as, for example, fan-shape and L-shape in which the
metal line is bent can be applied. Since the distributed con-
stant filter is provided, the circuit including the electronic
element 1301, the metal portion 1303, and the recess 1302
and the external circuit 1308 can be easily isolated from each
other, so that the impedance matching state can be easily
maintained. In particular, as shown in FIG. 13B, when the
distributed constant filter is formed by the stub 1309 provided
on the connection portion 1307, the shape of the stub 1309
can be adjusted in a back-end process. Therefore, it is possible
to accurately adjust the characteristics of the distributed con-
stant filter with respect to the operating wavelength A, so that
the yield rate of the device is improved.

[0071] Next, an analysis result of the device of the present
embodiment will be described. FIGS. 14A and 14B show a
model used in the analysis and FIGS. 15A, 15B, 15C, and 16
show analysis results. The device shown in FIGS. 14A and
14B is manufactured by the same process as that of the
devices of the embodiments described above, so that the
detailed description of the manufacturing process will be
omitted.

[0072] In FIGS. 14A and 14B, the substrate 1300 is a sili-
con substrate and the electronic element 1301 is a Schottky
barrier diode. The recess 1302 provided in the substrate 1300
has a diameter of 150 um and a depth of 10 um. The portion
where the bottom and the side wall of the recess 1302 inter-
sect each other has a curved surface having a radius of 10 um.
As shown in FIGS. 14A and 14B, the recess 1302 includes a
depression having a length of 40 pm and a width of 30 um
along the connection portion 1307. The depth of the depres-
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sionis 10 um and a portion where the bottom and the side wall
intersect each other has a circular shape having a radius of 10
pm. As shown in FIGS. 14A and 14B, the recess 1302 is
formed in the substrate 1300 while the first support portion
1406 remains. While the first support portion 1306 shown in
FIG. 13 A has a bracket shape extending from the edge of the
recess 1302, the first support portion 1406 shown in FIG. 14A
has a pillar shape extending from the bottom of the recess
1302. Metal is coated on the surface of the recess 1300. The
recess 1302 is filled with BCB (benzocyclobutene) and the
metal portion 1303 is supported by the BCB and the first
support portion 1306. The metal portion 1303 is an electric
conductor having an inside diameter of 80 um and an outside
diameter of 100 um and functions as a coil antenna of 1.5h.
The electronic element 1301 is connected to a part of the
metal portion 1303. In FIG. 14A, it is assumed that a current
flowing in the metal portion 1303 flows in a clockwise direc-
tion in the metal portion 1303 and this direction is defined as
positive. At this time, the nodes 1319 (not shown in FIGS.
14A and 14B) of the electromagnetic field are located at
positions of 1/4A, 3/4A, and 5/4A in the positive direction from
the electronic device 1301 which is taken as the starting point.
In FIG. 14A, the connection portions 1307 are disposed at
positions of 3/4A and 5/4). The line width of the connection
portion 1307 is 4 um. The line length of the connection
portion 1307 is 500 um. An [-shaped stub 1409 is formed at
aposition 50 um away from an intersection point between the
metal portion 1303 and the connection portion 1307. The line
width of the L-shaped stub 1409 is 4 um and the total length
of'the L-shaped stub 1409 is 50 um. The L-shaped stub 1409
is bent at a position 4 um away from the intersection point
between the connection portion 1307 and the [-shaped stub
1409 so that the end portion of the L.-shaped stub 1409 faces
the metal portion 1303. Here, 50 um corresponds to 1/4A of
the operating wavelength A and the .-shaped stub 1409 func-
tions as a distributed constant filter. The connection portion
1307 and the L-shaped stub 1409 are metal conductors and
are manufactured in the same process as the metal portion
1303. Since the external circuit 1308 not shown in the draw-
ings is assumed to be a circuit having two terminals, a slit
1310 is formed in the metal portion 1303 to electrically sepa-
rate the two connection portions 1307 from each other.

[0073] FIGS. 15A, 15B, and 15C are an analysis result
related to the directivity of the electromagnetic field of the
device shown in FIGS. 14A and 14B. Specifically, only the
metal portion included in the device is extracted and ana-
lyzed. The atmosphere of the analysis here is vacuum. FIG.
15A is an analysis result of a device which includes only the
metal portion 1303 and does not include the connection por-
tion 1307 and the L.-shaped stub 1409. FIG. 15B is an analysis
result of a device including the metal portion 1303 and the
connection portion 1307. FIG. 15C is an analysis result of a
device including the metal portion 1303, the connection por-
tion 1307, and the stub 1409. The shape of the stub 1409 is the
same as that of the device shown in FIG. 14A. Since the
purpose of the analysis is to check the directivity of the
antenna, the analysis is performed without using the substrate
1300 and the recess 1302. In FIGS. 15A, 15B, and 15C, a
slight side lobe and a broadening of the directivity is observed
in the directivity of the antenna for the devices in which the
connection portion 1307 is disposed on the metal portion
1303. This is caused by the effect of the electromagnetic field
distributed near the connection portion 1307. The effect of the
electromagnetic field distributed in the connection portion
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1307 can be controlled by the stub 1309 that functions as a
distributed constant filter. In particular, it is found that the
L-shaped stub 1409 shown in FIG. 14A exhibits a high sup-
pression effect on the effect of the electromagnetic field dis-
tributed in the connection portion 1307 as a result of hard
study on the shape of the stub 1309. When comparing FIG.
15A and FIG. 15C, it is known that the directivities of the two
antennas are similar to each other. The reason of this is con-
sidered as follows: The end portion of the L.-shaped stub 1409
faces the metal portion 1303, so that the directions of the
currents distributed in the connection portion 1307 and the
L-shaped stub 1409 are opposite to each other. As a result, the
electromagnetic fields leaking from the connection portion
1307 and the L-shaped stub 1409 suppress each other. It is
possible to fine-tune the electromagnetic fields distributed
inside and outside the metal portion 1303 by adjusting the
angle and the shape of the slit 1310 in FIG. 14A, so that the
directivities of the antennas shown in FIGS. 15A, 15B, and
15C is adjusted.

[0074] FIG.16 is an analysis result of the impedance of the
device shown in FIGS. 14A and 14B. When observing FIG.
16, it is known that a high impedance of about 700€2 can be
obtained in an operating frequency range 0f 0.97 t0 0.98 THz
even when the connection portion 1307 is disposed.

Sixth Embodiment

[0075] Another embodiment of the present invention will
be described. Specifically, the present embodiment is a modi-
fied example related to the configuration for supporting the
metal portion described above. The description of the same
components as those described above will be omitted.

[0076] FIGS. 17A and 17B are diagrams for explaining a
configuration of a device of the present embodiment. The
difference from the devices described above is that the device
of the present embodiment includes second support portions
1706 for supporting the metal portion 1303 on the nodes 1319
of the electromagnetic field distributed in the metal portion
1303. The variation of the impedance of the device due to the
support portions is controlled by supporting the metal portion
1303 atthe nodes 1319 of the electromagnetic field. FIG. 17A
shows a configuration example in which the second support
portions 1706 have the same bracket shape as that of the first
support portion 1306. Here, the above-described connection
portion 1307 is disposed on the second support portion 1706.
FIG. 17B shows a configuration example in which the second
support portions 1706 have a pillar shape. The second support
portions 1706 are formed of the same material as that of the
substrate 1300 in the same manner as the first support portion
1306.

[0077] The metal portion 1303 can be supported in the air
by using the second support portions 1706. As a result, it is
possible to suppress the loss due to the material and to
improve the generation efficiency of the electromagnetic
wave from the device and the detection efficiency of the
electromagnetic wave.

[0078] It is desired to support the metal portion 1303 at
three points to reliably support the metal portion 1303 while
maintaining the posture of the metal portion 1303. Therefore,
it is desirable that there are two or more second support
portions 1706. Therefore, it is desired that the metal portion
1303 has a form that functions as an antenna including two or
more nodes 1319 of the electromagnetic field at the operating
wavelength A.
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Seventh Embodiment

[0079] Another embodiment of the present invention will
be described. Specifically, the present embodiment is a modi-
fied example related to the distributed constant filter
described in the fifth embodiment. The description of the
same components as those described above will be omitted.
[0080] FIGS. 18A and 18B are diagrams for explaining a
configuration of a device of the present embodiment.
Although the distributed constant filter described above is
formed by the stub 1309 disposed on the connection portion
1307, the distributed constant filter of the present embodi-
ment is formed by a periodic structure provided on the sub-
strate 1300. Specifically, a structure whose period is 1/2h with
respect to the operating wavelength A is disposed along the
connection portion 1307 as the periodic structure. In FIG.
18A, the periodic structure is realized by alternately arrang-
ing bridge portions 1810 formed of the same material as that
of the substrate 1300 and second recesses 1802 along the
connection portion 1307. When the recess 1302 has depres-
sions as shown in FIG. 14 A, the periodic structure may have
a configuration as shown in FIG. 18B. In FIG. 18B, the
periodic structure is realized by periodically arranging pillar
portions 1811 formed of the same material as that of the
substrate 1300 in the depression of the recess 1302. Accord-
ing to the configuration described above, the electromagnetic
wave propagating in the connection portion 1307 has a peri-
odic refractive index change. As a result, the distributed con-
stant filter blocks the electromagnetic wave of the operating
wavelength A.

[0081] As described above, the distributed constant filter
provided on the connection portion 1307 is realized by a
periodic structure formed on the substrate 1300, so that it is
not necessary to pattern a new metal material. Thus, the
installation space of the device can be small.

[0082] While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.
[0083] This application claims the benefit of Japanese
Patent Applications No. 2012-051951, filed Mar. 8, 2012 and
No.2012-200301 filed Sep. 12,2012, which are hereby incor-
porated by reference herein in their entirety.

INDUSTRIAL APPLICABILITY

[0084] An image sensor using the device according to the
present invention is expected to be applied as a sensor that can
be used for manufacturing application, medical image diag-
nosis, and safety application.

[0085] Although the embodiments of the present invention
have been described, the present invention is not limited to
those embodiment and various variations and modifications
can be made without departing from the scope of the inven-
tion.

1. A device for radiating or receiving an electromagnetic
wave, the device comprising:

a substrate configured to include a recess;

a metal portion configured to radiate or receive the electro-
magnetic wave; and

an electronic element configured to be connected to the
metal portion,
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wherein the metal portion includes a portion located above
the recess and a portion which is located on the substrate
and connected to the electronic element, and

wherein the recess includes the bottom portion configured

to reflect the electromagnetic wave.

2. The device according to claim 1, wherein the wall of the
recess in the substrate includes a metal layer.

3. (canceled)

4. The device according to claim 1, wherein the recess is
filled with a solid dielectric material having a relative permit-
tivity lower than that of a material forming the substrate.

5. (canceled)

6. The device according to claim 1, wherein a connection
portion between a bottom surface and a side surface of the
recess is curved.

7. (canceled)

8. The device according to claim 1, wherein the electronic
element is a rectifying element.

9. The device according to claim 1, wherein a frequency of
the electromagnetic wave is in a range from 30 GHz to 30
THz.

10. (canceled)

11. The device according to claim 1, wherein a connection
portion for connecting to an external circuit is provided to a
node of an electromagnetic field in the metal portion.

12. The device according to claim 11, wherein the connec-
tion portion includes a distributed constant filter.

13. The device according to claim 12, wherein the distrib-
uted constant filter is formed by a stub provided on the con-
nection portion.

14. The device according to claim 13, wherein the stubis an
L-shaped stub and an end portion of the L-shaped stub faces
the metal portion.

15. The device according to claim 12, wherein the distrib-
uted constant filter is formed by a periodic structure which is
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arranged along the connection portion and formed of the
same material as that of the substrate.

16. The device according to claim 1, wherein a support
portion that supports the metal portion is disposed on a node
of an electromagnetic field in the metal portion and the sup-
port portion is formed of the same material as that of the
substrate.

17. The device according to claim 1, wherein the metal
portion includes a slit for adjusting a directivity of an elec-
tromagnetic wave.

18. The device according to claim 1, wherein there are at
least two nodes of an electromagnetic field in the metal por-
tion with respect to an operating wavelength.

19. An image sensor comprising:

a plurality of the devices according to claim 1,

wherein a plurality of the electronic elements is used as an

array, and

wherein the image sensor forms an image based on signals

from the devices.

20. (canceled)

21. The device according to claim 1, wherein the electronic
element is located on a convex portion (1306, 1406) in the
recess.

22. The device according to claim 1, wherein a structure of
a metal layer and an insulating layer is located between the
substrate and the portion located on the substrate.

23. The device according to claim 21, wherein the convex
portion has a bracket shape extending from the edge of the
recess.

24. The device according to claim 12, wherein the convex
portion has a pillar shape extending from the bottom of the
recess.

25. The device according to claim 1, wherein the length of
the metal portion located on the substrate is 10% or less than
the total length of the metal portion
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